Background: Serotonin (5-hydroxytryptamine, 5HT) is involved in hypothalamic regulation of energy consumption. Also, the gut microbiome can influence neuronal signaling to the brain through vagal afferent neurons. Therefore, serotonin concentrations in the central nervous system and the composition of the microbiota can be related to obesity.
O besity is the most common form of nutritional imbalance of companion animals in industrialized countries. If pets weigh 20-30% more than their ideal body weight, they are classified as obese. 1 Obesity in dog is associated with several health conditions including insulin resistance, pancreatitis, cruciate ligament rupture, and respiratory distress. 2, 3 Bioactive peptides such as leptin, adiponectin, and pro-inflammatory cytokines secreted from the adipose tissue are called adipokines. 4 Serotonin (5-hydroxytryptamine or 5HT) is a biochemical marker of mood and is associated with several behavioral and psychological factors. 5, 6 5HT is involved in hypothalamic regulation of energy consumption and serotonin levels in the central nervous system (CNS) and is influenced by energy conditions. 7 The estimated bacterial content of the mammalian gastrointestinal tract is approximately 10 14 bacteria. 8 The indigenous microbiota within the gastrointestinal tract can extract calories from otherwise indigestible common polysaccharides in daily diets. 9 Gut microbiota can also regulate the brain-gut axis. 10 The hypothalamus and the brain stem are central sites of appetite regulation. 11 The gut microbiome can stimulate vagal sensory neurons, which is a major neural pathway that conveys information from the gastrointestinal luminal contents to the brain and modulates gastrointestinal motility and feeding behavior. 12, 13 The gut microbiome can influence neuronal signaling to the brain through vagal afferent neurons. 16S diseases including obesity, inflammatory bowel disease, and allergic disease are associated with alterations, disruption, and decreased biodiversity of the intestinal microbiota. 8, [15] [16] [17] Obesity is associated with changes in the gut microbiota in humans 11 and in animal models. 8, 16 However, recent metagenomics studies using a canine obesity model yielded results that were inconsistent with mouse model studies. 8, 18 The objectives of this study were to evaluate the peripheral concentrations of leptin, adiponectin, and 5HT, and the lipid profiles of lean Beagle dogs and dogs with ad libitum feeding-induced obesity and to examine differences in the gut microbiota composition in the 2 groups. To study the role of the microbiome in this process, we performed culture-independent analysis of the microbiome. Culture-independent technique has been used in microbiome studies of dog.
19,20 Culture-independent technique approach allowed us to bypass the isolation and cultivation of individual species and improved our ability to identify obesity-associated microbial changes in the gut. 21, 22 This study examined the differences in lipid profiles, peripheral concentrations of leptin, adiponectin, and serotonin, and changes in the gut microbiota in lean Beagle dogs and dogs with experimentally induced obesity.
Material and Methods

Animals
Fourteen 3 to 5 years old healthy Beagle dogs were used in this study. The animals were housed at the Chungnam National University Veterinary Medicine Internal Medicine laboratory. The experiments were performed according to the Guide for the Care and Use of Laboratory Animals of Chungnam National University (approved no. CNU 00245). Physical examination, complete blood count (CBC), serum biochemistry, total thyroxine (tT4), and adrenocorticotropic hormone (ACTH) analyses were used to monitor the health of the dogs. Seven Beagle dogs in the obese group were fed commercial food a ad libitum, and seven Beagle dogs in the lean group were fed a restricted amount of the same diet to maintain optimal body weight over a period of 6 months. In order to rule out individual bias, one investigator checked the body weight once a week using the same scale, and assigned BCS. The amount of feed was determined based on the body weight and BCS, and lean group dogs were restricted diet or feed more to maintain the same BCS and body weight. We weighed the feed before we provided lean group dogs with it. Before induction of obesity, each dog was weighed and examined to eliminate potential underlying inflammatory conditions. The dogs were classified as lean (BCS 4-5/9) or obese (BCS 7.5-9/9) using a 9-point body condition score (BCS) system.
17
Sandwich Enzyme-linked Immunosorbent Assay and Hormone Assay
Serum leptin and adiponectin concentrations were measured using a commercial canine leptin sandwich enzyme-linked immunosorbent assay (ELISA) kit (Canine Leptin ELISA b ) and commercial canine adiponectin ELISA kit (Canine adiponectin ELISA c ), respectively, according to the manufacturer's instructions. The serum tT4 and cortisol levels were measured using an Immulite 1000 immunoassay analyzer.
d The plasma 5HT levels and 5-hydroxytryptamine levels in the cerebrospinal fluid (CSF-5HT) were measured using a commercial ELISA kit e according to the manufacturer's instructions. All measurements were performed in duplicate. The platelet counts and morphology of whole blood samples were analyzed to study the relationship between plasma 5HT levels and platelets. The platelets counted using an automated system, f and the platelet morphology was inspected visually.
PCR Amplicon Construction and Sequencing
The fecal samples for the microbiome comparison were collected 6 month after the induction of obesity. Fecal samples were collected immediately after spontaneous defecation, transported immediately to the laboratory, and frozen at À80°Ϲ without any additives or pretreatment. The DNA of the bacterial community was extracted using a feces DNA extraction kit. g The 16S ribosomal ribonucleic acid genes (16S rRNA) were amplified using polymerase chain reactions (PCR) according to the GS FLX Plus Library Prep guide. Twenty nanograms of DNA from each sample were used in a 50 lL PCR reaction. The 16S universal primers 27F (5 0 GAGTTTGATCMTGGCT CAG 3 0 ) and 800R (5 0 TACCAGGGTATCTAATCC 3 0 ) were used to amplify 16s rRNA genes (V1-V4 region). The FastStart High Fidelity PCR System h was used for PCR with the following reaction conditions: 94°C for 3 minutes followed by 35 cycles of 94°C for 15 seconds; 55°C for 45 seconds and 72°C for 1 minute; and a final elongation step at 72°C for 8 minutes. The PCR amplicons were purified using AMPure i beads and quantified using a Picogreen assay.
j The amplicons were sequenced using a Genome Sequencer FLX Plus, k and each sample was loaded in 1 region of an 70-75 mm PicoTiter plate 
16S rRNA Gene Analysis
The CD-HIT-OTU software was used to eliminate sequences containing homopolymers runs or chimeras, to remove sequence noise and to cluster the sequences. 23 Operative taxonomic units (OTUs) were generated by the CD-HIT-OTU software using the following cutoff values for similarity: species, 97%; genus, 94%; family, 90%; order, 85%; class, 80%; phylum, 75%. 18 The Mothur software (version 1.31.0) k was used to evaluate microbial diversities. 24 The Shannon-Weaver 25 and Simpson diversity indices 26 were used to analyze species diversity. All the sequences were compared to the Silva rRNA database using BLASTN. 27, 28 The sequences that matched 16S rRNA genes with an E-value less than 0.01 less were classified as partial 16S rRNA sequences. Non-16S rRNA sequences comprised less than 1% of the total sequences. Taxonomic assignment of the sequenced reads was performed using NCBI Taxonomy databases. Using the BLASTN program, the five most similar sequences for each sequence were selected according to their bit scores and E-values. The Needleman-Wunsch global alignment algorithm was used to perform optimal alignment of the two sequences along their entire duration. A pairwise global alignment was performed on the selected candidate hits to identify the best-aligned hit. 29 The taxonomy of the sequence with the highest similarity was assigned to the sequence read.
A Newick tree was generated with the Thetayc distance matrix using the UPGMA algorithm implemented in Mothur (version 1.31.0) n and visualized using FigTree (Version 1.4). o To identify clustering of samples along the first three axes of maximal variance, principal component analysis plots (PCA) were generated using the function prcomp in the R package. 30 
Statistical Analysis
Statistical analysis was performed using SPSS Statistics 20.0.0. p Serum leptin, adiponectin, triglyceride, cholesterol, tT4, and cortisol levels and plasma 5HT concentrations were presented as the mean values of each group AE standard deviations (SD). P values <.05 were considered to represent significant differences. The age, BCS, and leptin, adiponectin, 5HT, tT4, cortisol, platelet, triglyceride and cholesterol levels were compared between the lean and obese groups using the independent samples t-test and between the pre-and posttest data in each group using the paired samples t-test. For microbiota analysis, an unpaired t-test was used to compare normally distributed data and the Mann-Whitney U-test was used for nonparametric data.
Results
Adipokines and Serotonin Levels
At the beginning of the trial, there were no significant differences in age, body weight, or BCS between animals in the two groups. In the lean group, the average age was 3.28 AE 0.45 years (mean AE SD), body weight was 6.69 AE 0.47 kg (mean AE SD), and BCS was 4.28 AE 0.45 (mean AE SD). In the obese group, the average age was 3.71 AE 0.45 years (mean AE SD), body weight was 7.37 AE 0.44 kg (mean AE SD), and BCS was 5 AE 0.00 (mean AE SD). Six months after the induction of obesity, dogs in the lean group showed no significant increase or decrease in weight compared to the initial values (Table 1) . However, the body weight, BCS, and leptin and triglyceride (TG) levels of the dogs in the obese group were significantly increased, whereas the adiponectin and 5HT levels were significantly decreased compared to the respective values before the induction of obesity (P < .05) ( Table 1) .
We compared the obesity parameters between the groups 6 months after obesity induction and observed that the leptin, cholesterol, and cortisol concentrations were significantly higher in the obese group compared to the lean group (P < .05). The adiponectin, CSF-5HT, and total T4 (tT4) concentrations were higher in the lean group compared to the obese group (P < .05). The CSF-5HT levels were significantly lower in the obese group compared with the lean group (Table 2) .
Metagenomic Analysis
Alpha Diversity and OTU-based Analysis. A total of 145,396 Bacterial tag-encoded FLX amplicon pyrosequencing (bTEFAP) sequences from all dogs were analyzed. A mean of 9,510 (9,510 AE 1,270) reads/dog were analyzed in the lean group. At an OTU definition at a similarity cutoff of 97%, 320 OTUs were identified in the lean group. In the obese group, a mean of 11,300 (11,300 AE 3,520) sequences/dog were analyzed, and 200 OTUs were identified (Table 3) . At an OTU definition at a similar cutoff of 95% at the genus level, 281 and 157 OTUs were identified in the lean and obese groups, respectively ( Table 3 ). The Shannon and Simpson's reciprocal diversity indices were calculated at the genus and species levels ( Table 3) . At the genus level, the number of OTUs observed per animal (mean AE SD) and Shannon diversity index were significantly higher in the lean group compared to the obese group, and Simpson's reciprocal index was significantly lower in the lean group compared to the obese group (Table 3) . At the species level, significantly higher OTUs/dog and Shannon diversity index and lower Simpson's reciprocal index were observed in lean group compared to the obese group (Table 3) . The rarefaction curves plateaued after sampling more than 2,000 sequence reads. The rarefaction curves indicated that the sampling completeness was modest, but still provided sufficient microbial diversity to effectively analyze higher abundance sequences at the species level.
Beta Diversity and Taxon-based Analysis. At the phylum level, the bacterial communities in dogs in the lean group were primarily composed of Firmicutes (85.2%), followed by Actinobacteria, Proteobacteria, and Bacteroidetes, whereas the predominant bacterial phyla in dogs in the obese group were Proteobacteria, followed by Firmicutes (Fig 1) . The relative proportions of Firmicutes (P = .0043) and Fusobacteria in the lean group were higher compared to the obese Table 1 . Body weight and BCS, adipokine, and serotonin concentration measured before and 6 months after obesity induction (mean AE SD).
Obese Group (N = 7) group, and the relative proportion of Proteobacteria (P = .0021) in the obese group was significantly higher compared to the lean group (Fig 1) . The Firmicutes in the lean group included genera Lactobacillus (61%), Faecalibacterium (11%), and Turicibacter (10%). Similarly, the Firmicutes in the obese group included Lactobacillus (63%), unclassified (17%), and Enterococcus (13%) genera (Fig 2A,B) . However, the bacterial community members belonging to the phylum Proteobacteria were significantly different between the two groups. The genera Psychrobacter (36%) and Pseudomonas (31%) were the dominant proteobacterial genera in the obese group; however, unclassified bacteria (38%), Sutterella (27%), and Achromobacter (15%) were the most prevalent proteobacterial genera in the lean group (Fig 2C,D) . Principal coordinate analysis was performed to determine the relationships between microbial communities in both groups. This analysis revealed that the microbial compositions in the dogs segregated by groups (lean versus obese) (Fig 3A,B) , as shown in the phylogenetic tree (Fig 3C) , indicating that the microbial communities in the lean and obese groups were different.
Discussion
In this study, the 16S rRNA gene pyrosequencing analysis indicated that the diversity of the microbial community was lower in the obese group compared to the lean group. The lean group microbiota predominantly contained Firmicutes. However, the microbiota of the obese dogs were dominated by the phylum Proteobacteria.
The CSF-5HT levels were lower in the obese group compared to the lean group. Decreased 5HT levels can increase the risk of obesity because of increased appetite. Members of the gram-negative bacterial phylum Proteobacteria were abundant in the obese group. An enrichment of gram-negative bacteria can influence the level of intestinal lipopolysaccharide (LPS), and this may be associated with chronic inflammation in obese subjects.
Similar to humans, dogs may become overweight gradually over a period of months or years in response to a relatively small but prolonged energy imbalance. However, some pets gain weight rapidly over a period of a few weeks or months, when the energy expenditure decreases markedly without a reduction in energy intake because of neutering and reduced activity levels. 1 The BCS and body weight of the dogs in the obese group increased markedly over 6 months. Consistent with previous studies, the leptin and cholesterol levels were higher in the obese group. 31 The adiponectin, tT4 and CSF-5HT levels were markedly lower in the obese group compared to the lean group. Serotonin and dopamine are important neurotransmitters involved in appetite regulation. 32 Lambert et al 33 observed that human obesity was associated with chronic increase in brain serotonin and the main serotonin metabolite is 5-hydroxyindoleacetic acid. 33 A previous human study observed that overweight patients have higher levels of CSF-5HT metabolites than normal-weight individuals, indicating that 5HT might influence food-seeking behavior. 32 However, we observed that the obese group had lower CSF-5HT levels compared to the lean group. Dogs with lower CSF 5HT levels might continue to eat until the CSF 5HT level is high enough to cause satiation, which is similar to the mechanism of action of the 5HT antagonist; the 5HT antagonist was used to increase appetite. 34 Ley et al 8 observed a marked change in the microbial proportion including a 50% reduction in the abundance of the phylum Bacteroidetes and an increase in Firmicutes in obese mice. This is inconsistent with our results: we observed a decrease in the proportion of Firmicutes and an increase in the proportion of Proteobacteria in the obese group. Our results are consistent with human studies. 35 Schwiertz et al 36 analyzed fecal microbiota by real-time polymerase chain reaction (RT-PCR) instead of pyrosequencing and observed that the proportion of Bacteroidetes was increased in the fecal microbiota of obese humans. Other studies observed no differences in the proportions of Bacteroidetes and Firmicutes in lean and obese individuals. 37, 38 The phylum Firmicutes is the most abundant bacterial group in normal healthy gut microbiota, followed by the phylum Bacteroidetes. 8, 35, 36 Our results in the lean group are consistent with these studies. The phylum Firmicutes (85.2%) was the most dominant group, but Actinobacteria (7.94%) were more abundant than Bacteroidetes (2.34%) in the lean group. In a canine obesity model study, 18 Firmicutes, Fusobacteria, and Actinobacteria were the predominant bacterial phyla. The phylum Actinobacteria and the genus Roseburia were significantly more abundant in obese pet dogs. In addition, obesity induced by ad libitum feeding was associated with a significant increase in the order Clostridiales. 18 The composition of the intestinal microbiota is influenced by body fat mass, sex, diet, age, breed, and kinship. [39] [40] [41] In this study, we attempted to restrict other factors that may influence gut microbiota, including breed, age, and food. Obesity was induced by ad libitum feeding for 6 months, and the same commercially available food was used in both groups. Handl et al 18 used the same feeding strategy and observed that obese dogs contained increased proportions of the major bacterial phylum (>90% Firmicutes, approximately 2% of Bacteroidetes and Actinobacteria, respectively, and no significant differences were observed in the microbial communities of the ad libitum fed and restricted-diet group, except the order Clostridiales. 16 Our results showed significant differences in the microbial communities in the lean and obese groups. The increased Shannon-Weaver diversity index 25 and decreased Simpson reciprocal index 26 indicated that the diversity of microbial communities was lower in the obese group. The predominant phylum in the obese group was Proteobacteria instead of Firmicutes. Specially, the order Clostridiales were markedly more abundant in the lean group compared to the obese group, and the proportion of Pseudomonadales was markedly higher in the obese group compared to the lean group (Table 3 ). The genus Lactobacillus was markedly more abundant in the lean group compared to the obese group (Table 3) . Cani et al 42 observed that bacterial lipopolysaccharide (LPS), which is an essential cell wall compartment of gram-negative bacteria, triggers systemic inflammation. They observed that LPS-injected mice showed increased weight without altered energy intake. 42 This mechanism may link the gut microbiota to the development of obesity. 42 Enterochromaffin cells in the intestinal epithelium release 5HT upon mechanical stimulation to promote transit. 43 The decreased colonic transit time may provide extra time for the gut microorganisms to harvest energy from indigestible foods in the diet. In this study, there was no important difference in the peripheral 5HT levels in the lean and obese groups, but longitudinal changes were observed in the obese group. After induction of obesity, the plasma 5HT levels were markedly decreased in the obese group. Experimentally induced obesity is known to decrease 5HT levels. 44 Inflammation associated with changes in the gut microbiota is considered to decrease 5HT availability during obesity. 43, 45 Studies have yielded inconsistent data on the composition of the gut microbiota in obese subjects. 8, 18, 46 In our study, the phylum Proteobacteria, which belongs to gram-negative bacteria, was abundant in the obese group. Enrichment of gram-negative bacteria can increase the intestinal LPS level, and this may be associated with chronic inflammation in obese subjects.
A limitation of this study is that there are no reference values for plasma 5HT and CSF-5HT concentrations in dogs. In human studies, CSF-5HT metabolite levels were measured instead of 5HT. This study is carried out the measurement of CSF-5HT using an ELISA kit. In addition, a longitudinal study design and the baseline comparison of microbiome will strengthen the conclusion that links obesity with specific population of microflora. One time comparison has been used to evaluate bacterial differences between two different treatment groups or diseased animals in various studies because gut microbiome of healthy adult individual would have similar gut microbiome. 18, 47, 48 As such, we compared microbiome populations between groups at one time point which is 6 month after the obesity induction. This might weaken our conclusions addressing associations between microbiome shifts and obesity. Also, a microbiome comparison after the obese group recovers their lean body weights will be necessary to exclusively explain the functions of certain microbial populations in obesity.
In conclusion, the CSF-5HT levels were lower in the obese group compared to the lean group. Members of the phylum Proteobacteria, which belongs to gram-negative bacteria, were abundant in the obese group. It is not known whether dysbiosis induces the development of obesity or whether obesity causes the dysbiosis of gut microbiota. Further studies are required to elucidate the roles of the gut microbiota in the development of obesity. 
Footnotes
